Individuals with an inherited deficiency in gonadotropin-releasing hormone (GnRH) have impaired sexual reproduction. Previous genetic linkage studies and sequencing of plausible gene candidates have identified mutations associated with inherited GnRH deficiency, but the small number of affected families and limited success in validating candidates have impeded genetic diagnoses for most patients. Using a combination of exome sequencing and computational modeling, we have identified a shared point mutation in semaphorin 3E (SEMA3E) in 2 brothers with Kallmann syndrome (KS), which causes inherited GnRH deficiency. Recombinant wild-type SEMA3E protected maturing GnRH neurons from cell death by triggering a plexin D1-dependent (PLXND1-dependent) activation of PI3Kmediated survival signaling. In contrast, recombinant SEMA3E carrying the KS-associated mutation did not protect GnRH neurons from death. In murine models, lack of either SEMA3E or PLXND1 increased apoptosis of GnRH neurons in the developing brain, reducing innervation of the adult median eminence by GnRH-positive neurites. GnRH neuron deficiency in male mice was accompanied by impaired testes growth, a characteristic feature of KS. Together, these results identify SEMA3E as an essential gene for GnRH neuron development, uncover a neurotrophic function for SEMA3E in the developing brain, and elucidate SEMA3E/PLXND1/PI3K signaling as a mechanism that prevents GnRH neuron deficiency.
Introduction
In mammals, fertility depends on the timely onset and cyclic secretion of the neurohormone gonadotropin-releasing hormone (GnRH), which is secreted into the portal blood vessels of the pituitary gland by approximately 1,000 hypothalamic neurons (1) . Deficiency in hypothalamic GnRH impairs puberty and almost invariably leads to infertility, causing a genetic condition that is known as hypogonadotropic hypogonadism (HH) or, when combined with anosmia, as Kallmann syndrome (KS) (2) . The previous analysis of a single human fetus from a family with chromosome X-linked KS (3), combined with the analysis of mouse models with engineered genetic mutations, shows that defective GnRH neuron development can cause HH/KS (4) . For example, we recently demonstrated that the class 3 semaphorin SEMA3A is essential for axon guidance during GnRH neuron development in mice (5) , and others subsequently identified mutations in SEMA3A in patients with KS (6, 7) . These and other studies (8) show that genetic mouse models are valuable tools to identify candidate genes for HH/KS and elucidate how their mutation may compromise the formation of the GnRH neuron system in patients for whom the diagnosis of impaired GnRH secretion alone provides little insight into the disease mechanism (1). However, mutations have so far only been identified in approximately 40% of HH/KS cases, partly because the small number of families affected by this disease impedes genetic linkage studies, but also because sporadic mutations cannot be identified with linkage studies, and some cases are probably oligogenic (8) .
Here, we have combined exome sequencing of KS patients with bioinformatics, functional in vitro studies, and the phenotyping of genetically modified mice to identify SEMA3E as a gene that is essential for GnRH neuron development and that is affected in KS. The SEMA3E gene encodes a secreted class 3 semaphorin that triggers repulsion of endothelial cells in specific vascular beds (9, 10) and modulates axonal growth and synaptic connectivity for the correct wiring of the CNS (11) (12) (13) . Unexpectedly, we found that the SEMA3E mutation, rather than affecting axon guidance in the GnRH neuron system, instead compromised survival signaling in GnRH neurons via PI3 kinase. Accordingly, loss of SEMA3E or its receptor plexin D1 (PLXND1) in mice caused GnRH neuron apoptosis during the developmental window in which these neurons express PLXND1 and migrate through SEMA3E-expressing brain regions to reach the hypothalamus. SEMA3E-mediated survival signaling also relied on KDR, a receptor tyrosine kinase that was Individuals with an inherited deficiency in gonadotropin-releasing hormone (GnRH) have impaired sexual reproduction. Previous genetic linkage studies and sequencing of plausible gene candidates have identified mutations associated with inherited GnRH deficiency, but the small number of affected families and limited success in validating candidates have impeded genetic diagnoses for most patients. Using a combination of exome sequencing and computational modeling, we have identified a shared point mutation in semaphorin 3E (SEMA3E) in 2 brothers with Kallmann syndrome (KS), which causes inherited GnRH deficiency. Recombinant wild-type SEMA3E protected maturing GnRH neurons from cell death by triggering a plexin D1-dependent (PLXND1-dependent) activation of PI3K-mediated survival signaling. In contrast, recombinant SEMA3E carrying the KS-associated mutation did not protect GnRH neurons from death. In murine models, lack of either SEMA3E or PLXND1 increased apoptosis of GnRH neurons in the developing brain, reducing innervation of the adult median eminence by GnRH-positive neurites. GnRH neuron deficiency in male mice was accompanied by impaired testes growth, a characteristic feature of KS. Together, these results identify SEMA3E as an essential gene for GnRH neuron development, uncover a neurotrophic function for SEMA3E in the developing brain, and elucidate SEMA3E/PLXND1/PI3K signaling as a mechanism that prevents GnRH neuron deficiency.
Dysfunctional SEMA3E signaling underlies gonadotropin-releasing hormone neuron deficiency in Kallmann syndrome
Chd7, a gene previously implicated in KS. Our study further provides proof of principle that exome sequencing, when combined with suitable in silico, in vitro, and in vivo animal models, can identify genetic pathways involved in GnRH neurodevelopment and deficiency.
previously implicated as a coreceptor for PLXND1 in SEMA3Emediated axonal growth (11) . Thus, our study has uncovered a novel role for SEMA3E as a neurotrophic factor that delivers essential survival signals for GnRH neurons via PLXND1 and KDR. Finally, we show that Sema3e interacts genetically with (D) Alignment of partial protein sequences of vertebrate SEMA3E orthologs shows that the R619 residue is evolutionarily conserved in mammals (red), but not in chick or zebrafish (green). (E) Genomic evolutionary rate profiling of sequence constraint for the SEMA3E mutation in the 2 KS brothers using GERP++ analysis provided an RS score of 5.54, which is close to the maximum score of 6.18 for complete conservation across all mammalian species. (F) Computational models of a dimer of the Ig domain of WT and mutant SEMA3E. The model is based on the Robetta algorithm for comparative protein structure prediction. The highest-scoring dimer model is shown. The R619 residue and the R619C substitution are indicated by white arrowheads. (G) Schematic drawing illustrating the protein interaction between SEMA3E and PLXND1, including its structural domains -the SEMA and PSI domains, similar to those of SEMA3E -as well as the IPT (Ig-like, plexin, transcription factor) domains and the serine/threonine protein kinase catalytic domains 1 and 2 (SP1 and SP2). substitution subtly alters the domain conformation of the SEMA3E dimer and places the novel cysteine residues in close apposition ( Figure 1F ). The mutation does not reside in a domain predicted to mediate binding of SEMA3E to its receptor PLXND1 ( Figure 1G ). Because the specific role of the SEMA3E_Ig domain and the impact of the p.R619C mutation on its function is unknown, we compared the activity of the wild-type (WT) and mutant recombinant protein in tissue culture studies and used mouse genetic tools to examine the requirement for SEMA3E in the GnRH neuron system. SEMA3E signals through PLXND1 in GnRH neurons to promote their survival by activating PI3K signaling. To understand how the SEMA3E p.R619C mutation contributes to KS, we defined the cellular and biochemical mechanisms through which SEMA3E normally affects GnRH neurons. For these experiments, we used GN11 and GT1-7 cells as established models of immature migrating and maturing hypothalamic GnRH neurons, respectively (19) . Prior work had already validated these neuronal cells as useful tools to identify molecular pathways involved in GnRH neuron development and adult physiology, because they overcome the difficulty in isolating primary GnRH neurons in sufficient quantities for biochemical and cell biological assays due to their low numbers and scattered distribution throughout the nose and brain (5, (20) (21) (22) . We first asked whether SEMA3E affected GN11 neuron migration in a Transwell assay previously used to identify guidance cues for GnRH neurons (23, 24) , but did not observe any effect (mean number of migrated cells/mm 2 ± SEM: control, 711 ± 21.5 vs. SEMA3E, 678 ± 15.4; P > 0.05). Because SEMA3E promotes cancer cell survival (25) , we next asked whether it is neuro protective for GN11 cells, which were previously shown to use VEGF as a survival signal (21) . However, SEMA3E was unable to protect GN11 neurons from death; thus, 40% of cells were propidium iodide (PI) positive after serum withdrawal, whereby the reintroduction of serum, but not recombinant SEMA3E, for the final 12 hours of the assay suppressed cell death ( Figure 2 , A and B; proportion of PI + cells, mean ± SEM: GN11: DMEM, 41.3% ± 1.3% vs. 10%
Results
A point mutation in the SEMA3E gene in 2 brothers with KS. By performing exome sequencing of patients with KS, we identified 2 male siblings ( Figure 1A ) with a heterozygous substitution of nucleotide 1855 in the SEMA3E coding sequence (ENST00000307792.3:c.1855C>T) ( Figure 1B ). The brothers had been diagnosed at ages 15 and 17, respectively, with anosmia (<10 th percentile on a standardized smell identification test), prepubertal testes (<2 ml; normally >20 ml), and GnRH deficiency (revealed by measuring the levels of the gonadotropin LH, which were 1.0 IU/l plasma, and are normally >1.5 IU/l) in the setting of hypogonadal testosterone levels (3.5 nmol/l plasma; normally 10-50 nmol/l). The mutation was not present in the 1000 Genomes database and occurred with a very low minor allele frequency in the NHLBI GO Exome Sequencing Project (ESP) database in European ancestry samples (0.0004%). The c.1855C>T mutation substitutes a charged arginine residue with a neutral but potentially disulfide-bondable cysteine residue (p.R619C) and is predicted to be deleterious, possibly damaging, and disease causing according to the SIFT (14), PolyPhen-2 (15) , and MutationTaster (16) bioinformatic tools, respectively ( Table 1 ). The R619C mutation resides in the extracellular, C-terminal_Ig-like_C2-type domain of SEMA3E ( Figure 1C ) and affects an arginine residue that is highly conserved between mammals, but not lower vertebrate species ( Figure 1D ). Genomic evolutionary rate profiling (GERP++) of a large collection of mammalian species provided a rejected substitution (RS) score that is close to the maximum estimated RS score (17) , consistent with strong evolutionary constraint against the p.R619C mutation in mammals ( Figure 1E) .
Because the precise structure of the SEMA3E_Ig domain has not yet been determined through crystallography, we predicted its structure by using the Robetta algorithm (18) to align it with the corresponding domains from SEMA3A and other similar entries in the Research Collaboratory for Structural Bioinformatics (RSCB) Protein Data Bank (PDB). This analysis suggested that the R619C 34.4% ± 6.4%; P < 0.01, SEMA3E + IgG vs. DMEM or SEMA3E + PLXND1). Excluding unspecific effects of the antibody on cell survival, we observed that blocking PLXND1 function did not affect GN11 cells, which use VEGF (21), but not SEMA3E, for survival signaling (proportion of PI + cells, mean ± SEM: DMEM, 38.9% ± 11.2%; SEMA3E + IgG, 41.1% ± 9.5%; SEMA3E + αPLXND1, 38.9% ± 7.4%). Together, these findings support the idea that SEMA3E promotes the survival of maturing hypothalamic, but not immature, GnRH neurons in a PLXND1-dependent fashion. Activation of PI3K and its effector AKT plays a key role in survival signaling in many cell types, including neurons (27) . In agreement with this, treatment with the PI3K inhibitor LY294 prevented the SEMA3E-mediated protection of GT1-7 cells after serum withdrawal ( FBS, 8.2% ± 0.4%, P < 0.01; DMEM vs. SEMA3E, 38.9% ± 2.2%, P > 0.05). In contrast, cell death of GT1-7 cells, a model of maturing GnRH neurons, was dramatically reduced by SEMA3E; thus, 40% of cells were PI positive after serum withdrawal, but serum or recombinant SEMA3E for the final 12 hours suppressed cell death ( Figure 2 , A and B; proportion of PI + cells, mean ± SEM: GT1-7: DMEM, 40.1% ± 0.9%; 10% FBS, 1.6% ± 0.8%; SEMA3E, 3.6% ± 2.2%; P < 0.001, DMEM vs. 10% FBS or SEMA3E). These observations predict a survival function for SEMA3E in hypothalamic GnRH neurons.
Because SEMA3E signals through PLXND1, we examined whether PLXND1 mediated SEMA3E-dependent neuroprotection of GT1-7 cells. Immunofluorescence staining with a PLXND1 antibody that fails to stain Plxnd1-null mouse tissue (see mouse-KO analysis below) showed that GT1-7 cells expressed PLXND1 ( Figure 2C ). Because this antibody can block PLXND1 function (26) , we also used it to treat GT1-7 cells and found that it abolished the protective effect of SEMA3E after serum withdrawal (Figure 2, C and D; proportion of PI + cells, mean ± SEM: DMEM, 39.8% ± 5.7%; SEMA3E + IgG, 14.3% ± 9.1%; SEMA3E + αPLXND1, The PLXND1 coreceptor KDR promotes SEMA3E-mediated GnRH neuron survival. To investigate why GN11 cells were not protected from cell death by SEMA3E like GT1-7 cells, we compared their expression of PLXND1 and the PLXND1 coreceptor KDR, also known as FLK1 or VEGFR2, because KDR was shown to be essential for PI3K activation during axonal growth of subicular neurons (11) . Reverse transcriptase PCR (RT-PCR) analysis suggested that GN11 cells express PLXND1, although it was present at lower levels than in GT1-7 cells ( Figure 3A ). Interestingly, we detected KDR expression in GT1-7 ( Figure 3A ). In contrast, KDR was not expressed in GN11 cells ( Figure 3A) , which instead use NRP1 as a survival receptor (21) . To test whether KDR was required for SEMA3E-mediated survival signaling in GT1-7 cells, we used a function-blocking antibody for KDR (10, 21) . While treatment of serum-starved cells with control IgG did not affect the survival of GT1-7 cells, the SEMA3E-mediated protection of GT1-7 cells was abrogated by anti-KDR ( Figure 3 , B-D; DMEM + IgG, 47% ± 1.9%; 10% FBS + IgG, 4.3% ± 1.1%; 10% FBS + αKDR, 8.8% ± 1.7%; SEMA3E + IgG, 14.1% ± 1.3%; SEMA3E + αKDR, 48.7% ± 2.3%). Taken together, these observations suggest that SEMA3E signals through PLXND1 in a KDR-dependent fashion to promote PI3 kinase activation in maturing GnRH neurons.
SEMA3E, but not SEMA3E R619C , promotes GnRH neuron survival by activating PI3K signaling. To investigate whether the SEMA3E R619C mutation impaired GnRH neuron survival by impairing AKT activation, we engineered expression constructs encoding human WT SEMA3E or SEMA3E R619C protein and expressed them in COS cells to generate recombinant protein for tissue culture studies. Immuno staining and immunoblotting established that both proteins were expressed and secreted effectively ( Figure 4 , A and B). Because we engineered recombinant SEMA3E as an alkaline phosphatase-conjugated ligand (AP-SEMA3E), we were also able to use it for binding assays. Binding of AP-SEMA3E to WT, but not to Plxnd1-null, mouse tissue established specificity of the AP-SE-MA3E ligand ( Figure 4C ). Ligand-binding assays demonstrated that both WT SEMA3E and SEMA3E R619C bound GT1-7 cells (Figure 4D ). Even though mutant SEMA3E retained its ability to bind GT1-7 cells, it failed to protect them from death induced by serum starvation ( Figure 4E ; control, 38.3% ± 0.9% vs. WT SEMA3E, 13.2% ± 3.5%, P < 0.001; control vs. SEMA3E R619C , 36.0% ± 2.4%; P > 0.5). Moreover, SEMA3E R619C was ineffective in AKT activation in serum-starved GT1-7 cells ( Figure 4F ). Taken together, these observations suggest that SEMA3E-mediated survival signaling in maturing GnRH neurons is compromised by the SEMA3E p.R619C mutation.
PLXND1 expression during mouse GnRH neuron development. The tissue culture studies above suggested that SEMA3E signaling is essential to promote the survival of maturing GnRH neurons, i.e., GnRH neurons at late stages of embryonic development. To determine the expression pattern of PLXND1 and its functional requirement for GnRH neuron development, we used the mouse as a model organism. Most mouse GnRH neurons arise between E10.5 and E12.5 in the nasal placode that also gives rise to the olfactory epithelium (OE) and vomeronasal organ (VNO) (4). Newly born GnRH neurons leave the placode by migrating along olfactory (OLF) and vomeronasal (VN) axons toward the forebrain, which they enter by following along the caudal branch of the VN/terminal nerve ( Figure 5A ). Immunofluorescence labeling of sagittal sections identified abundant PLXND1 expression in the E12.5 head ( Figure 5B ). In particular, PLXND1 localized to nasal axons and blood vessels as well as to the OE and VNO epithelia ( Figure 5C ). However, most GnRH-positive cells (corresponding to GnRH neurons) within the OE and VNO or elsewhere in the nose appeared only faintly positive or negative for PLXND1 ( PLXND1-null mutants show normal axonal and blood vessel patterning in the nose and forebrain. Mice lacking neuropilin signaling show ectopic GnRH neuron migration along mispatterned axons in the nose and an ensuing accumulation of ectopic GnRH neurons outside the brain (5) . Because PLXND1 was present on nasal axons at E12.5 ( Figure 6A ) and E14.5 ( Figure  6B ), we examined whether nasal axon tracts were also defective in Plxnd1-null mice, but found no obvious abnormalities ( Figure  6C ). In addition, the caudal branch of the VN/terminal nerve that guides GnRH neurons into the forebrain appeared PLXND1 negative ( Figure 6B ) and projected normally in Plxnd1-null mice ( Figure 6C) , excluding a role for PLXND1 in directing GnRH neuron migration into the brain. Because PLXND1 was previously implicated in trunk and retinal vascular patterning (9, 10) and is expressed by blood vessels in both the nose and forebrain that had entered the forebrain began to express PLXND1; moreover, GnRH neurons in the medial preoptic area (MPOA), where most hypothalamic GnRH neurons eventually reside, expressed PLXND1 strongly on both their cell bodies and axons ( Figure 5 , G and H; 81.6% ± 7.9% of GnRH + cells were also PLXND1 + ). These observations are consistent with a requirement for SEMA3E signaling through PLXND1 in developing GnRH neurons after they have entered the brain, consistent with the in vitro analysis, which suggested a role for SEMA3E in GnRH neurons at an advanced stage of differentiation. In addition, the expression pattern may indicate possible roles for PLXND1 in vascular and OLF development. We therefore examined whether disrupted vascular patterning, abnormal OLF axon guidance, and/or cell-autonomous defects in GnRH neurons might contribute to the loss of GnRH neurons in PLXND1-null mice. . Together, these findings suggest that PLXND1 is specifically required to maintain a normal number of GnRH neurons after they have entered the brain. These results also agree with the observed PLXND1 upregulation in GnRH neurons in the brain relative to the nose and the responsiveness of mature GT1-7, but not immature GN11, cells to SEMA3E-induced survival signaling in vitro. We next examined whether PLXND1 is required for the survival of GnRH neurons in the developing brain. For this analysis, we labeled adjacent coronal sections through the MPOA, where most GnRH neurons reside after E14.5, with antibodies against GnRH and PLXND1 or activated caspase-3, a marker for cells committed to undergo apoptosis ( Figure 7E ). We identified many GnRH neurons, but few apoptotic cells, in the WT MPOA ( Figure 7E , upper panels); in contrast, GnRH neurons were sparse and apoptotic cells prominent in the mutant MPOA ( Figure 7E , right lower 2 panels). This experiment confirmed the specificity of the PLXND1 antibody used, as it did not label mutant tissue ( Figure 7E , left lower 2 panels). Quantitation confirmed a significant increase in the number of apoptotic cells in the mutant MPOA at E14.5 (Plxnd1 +/+ , 8 ± 0.5 vs. Plxnd1 -/-, 21 ± 1.8, P < 0.01) ( Figure 7F ). Because we could not identify suitably compatible antibodies to detect GnRH, PLXND1, and activated caspase-3 by triple immunolabeling, we instead combined Gnrh ISH with immunostaining for activated caspase-3 to demonstrate directly that GnRH neurons undergo apoptosis when they have reached the MPOA (arrowheads, Figure 7G ). Finally, we combined immunofluorescence for GnRH with TUNEL staining (28) at E14.5 to identify GnRH neurons in the terminal stages of apoptosis (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI78448DS1). Together, these during GnRH neuron migration ( Figure 5C and Figure 6A ), we next examined whether PLXND1-null mutants have insufficient tissue vascularization that could indirectly affect GnRH neuron development. However, fluorescence staining of E14.5 head sections with the vascular marker IB4 did not identify any obvious differences in blood vessel organization in the nose or brain between mutants and their littermate controls ( Figure 6D ). Taken together, these data are consistent with a cell-autonomous role for PLXND1 signaling in GnRH neurons, rather than indirect effects of PLXND1-dependent OLF/VN nerves or blood vessels on GnRH neuron development.
PLXND1 loss impairs GnRH neuron survival in the developing mouse brain. Because we had observed that PLXND1 promoted SEMA3E-mediated survival signaling in a GnRH neuron tissue culture model and found high expression of PLXND1 in forebrain GnRH neurons in situ, we next asked whether Plxnd1-null mice (9) lacked GnRH neurons. IHC for GnRH of sagittal sections followed by quantitation of all GnRH-positive cells in each head demonstrated a significant reduction in the number of GnRH neurons in mutants compared with WT mouse heads at E14.5 (Figure 7 , A and B; Plxnd1 +/+ , 1,322 ± 34 vs. Plxnd1 -/-, 1,051 ± 43; P < 0.01). Because GnRH neurons at E14.5 reside in both the nose and forebrain, we next determined the relative amount of neurons in both compartments. Whereas the number of GnRH-positive cells was similar in the nose of both genotypes, their numbers were significantly reduced in the forebrain of mutants compared with WT ( Figure  7B ; nose: Plxnd1 +/+ , 861 ± 13 vs. Plxnd1 -/-, 867 ± 31, P > 0.05; forebrain: Plxnd1 +/+ , 469 ± 51 vs. Plxnd1 -/-, 191 ± 29, P < 0.01).
To exclude that the reduced number of GnRH neurons in the mutant brain at E14.5 was not caused by a developmental delay, we examined the MPOA of Plxnd1-null mutants and their littermates during late embryogenesis. While many GnRH neurons were present in the WT MPOA at E17.5, GnRH neurons were Figure 9A ). IHC staining, followed by counting of all GnRH-positive cells in each head, demonstrated a significant reduction in the number of GnRH neurons in Sema3e-null mutants compared with WT littermates at E14.5 (Figure 9 , B and C; Sema3e +/+ , 1,400 ± 47 vs. Sema3e -/-, 922 ± 106; P < 0.01). Moreover, residual neurons in the MPOA at E14.5 appeared collapsed ( Figure 9B ), and neuron loss was pronounced in the forebrain but not the nose ( Figure 9D ; nose: Sema3e +/+ , 905 ± 36 vs. Sema3e -/-, 857 ± 75, P > 0.05; forebrain: Sema3e +/+ , 486 ± 12 vs. Sema3e -/-, 214 ± 14, P < 0.01). The phenotypic similarity of mice lacking SEMA3E with that of mice experiments show that loss of PLXND1 signaling compromises GnRH neuron survival in the developing brain.
Loss of the PLXND1 coreceptor KDR decreases GnRH neuron numbers in the brain. Because our in vitro experiments suggested that SEMA3E-mediated survival signaling through PLXND1 was dependent on the PLXND1 coreceptor FLK1, we examined whether GnRH neurons in the MPOA expressed KDR and whether KDR was required for their survival. We observed that GnRH neurons in the E17.5 MPOA of control mice expressed KDR ( Figure 8A , top panels). In contrast, Kdr fl/-Nes-Cre-mutant mice lacking KDR in the neural lineage (11) showed only faint expression of KDR in GnRH neurons ( Figure 8A ). Importantly, blood vessels retained KDR immunoreactivity in the mutants, demonstrating specificity of the neural KO ( Figure 8A, bottom panels) . This experiment also showed that fewer GnRH neurons were present in the E17.5 MPOA of mutants compared with that seen in controls ( Figure 8A , bottom panels). We therefore immunostained sections through the entire MPOA of E17.5 mutants and controls and then quantified the number of GnRH neurons (Figure 8, B and C) . This analysis demon- which is caused by endothelial cell defects in the cardiac outflow tract (9, 31) . Similar to Sema3e-null mutants, the ME of Plxnd1 fl/fl Nes-Cre adult males was poorly innervated by GnRH-positive axons ( Figure 9E ; GnRH pixel intensity reduction in ME neurites in mutants relative to that seen in WT littermates: Sema3e -/-, 36% ± 0.8%; Plxnd1 fl/fl Nes-Cre, 49% ± 1.6%). This experiment also provided additional evidence for a cell-autonomous function of PLXND1 rather than roles for PLXND1-dependent vasculature in GnRH neuron survival. Impaired GnRH neuron innervation of the ME is predicted to reduce gonadotropin secretion from the pituitary and thereby affect normal sexual development. Consistent with this idea, and in agreement with the phenotype of patients carrying the lacking PLXND1 or KDR agrees with the idea that SEMA3E serves as a ligand for a PLXND1/KDR coreceptor complex to promote the survival of GnRH neurons in the developing brain.
Loss of SEMA3E or neuronal PLXND1 decreases innervation of the adult median eminence by GnRH neurons and the size of adult testes. In adults, GnRH neurons project to the median eminence (ME), where they release GnRH into the portal blood vessels of the pituitary gland. We observed a markedly reduced number of GnRH-positive neurites at the ME in adult Sema3e-null compared with WT males ( Figure 9E ). We also examined ME innervation in Plxnd1 mutants. For this experiment, we created neuron-specific PLXND1-null mice (Plxnd1 fl/fl Nes-Cre; refs. 29, 30) to circumvent the neonatal lethality of full Plxnd1-null mice, Chd7 +/males were able to sire offspring suggested that the heterozygous loss of CHD7 function affects the GnRH neuron system at a subclinical level. Strikingly, compound heterozygous Plxnd1 +/-Chd7 +/males showed a more pronounced reduction in the intensity of GnRH neuron projections at the ME than their Chd7 +/littermates with normal PLXND1 levels ( Figure 10E, top panels) . Similar results were also obtained for female mice (Figure 10F ; reduced GnRH pixel intensity at the mutant ME relative to the WT female ME at P14: Chd7 +/-Plxnd1 +/+ , 25.5% ± 3.1%, P < 0.05; CHD7 +/-Plxnd1 +/-, 55.2% ± 2.5%, P < 0.001). Consistent with reduced ME innervation and also with the phenotype of the 2 brothers carrying the SEMA3E and CHD7 mutations, the testes of adult Plxnd1 +/-Chd7 +/compound heterozygous males were smaller than those of WT and Chd7 +/littermate males ( Figure 10E , bottom panels). Together, these observations suggest that CHD7 and PLXND1 interact genetically to enable formation of the GnRH neuron system.
Discussion
KS is a rare genetic condition that impairs puberty and human reproduction and can be treated if diagnosed early. Here, we have combined exome sequencing of patients with bioinformatics analysis, tissue culture experiments, and animal models to identify SEMA3E as a novel KS gene that controls GnRH neuron development. The heterozygous nature of the SEMA3E mutation we identified agrees with the current model of oligogenic inheritance of various combinations of heterozygous mutations in the SEMA3A, FGFR1, NELF, KAL1, PROKR2, and PROK2 genes (7, (32) (33) (34) (35) (36) . In agreement with this finding, the heterozygous SEMA3E mutation was accompanied by a heterozygous missense mutation in CHD7 that was not present in any other exome in the 1000 Genomes and ESP databases. Importantly, the presence of the same SEMA3E and CHD7 mutations in brothers with a 2-year age difference suggests that both mutations were inherited. However, lack of access to parental DNA prevented our ability to investigate whether the SEMA3E mutation was inherited through the paternal or maternal lineage, and whether the CHD7 mutation was inherited from the other parent, as may be predicted from the fertility of the parents, but infertility of their children, who combined both mutations. Supporting the idea of oligogenic inheritance and an interaction of the genes encoding SEMA3 family members and CHD7, two KS siblings with a heterozygous missense mutation in CHD7 were previously shown to also carry a heterozygous missense mutation in SEMA3A (40) . Moreover, CHD7 haploinsufficiency affects the expression of Sema3a in mice (43) .
To validate SEMA3E as a novel KS gene and determine its role in the GnRH neuron system, we used in vitro models to demonstrate the pathogenicity of the R619C mutation and phenotyped KO mice lacking Sema3e or its receptor Plxnd1 or coreceptor Kdr. These studies identified SEMA3E as a novel neurotrophic factor that signals via PLXND1 and KDR to activate prosurvival signaling in GnRH neurons. This function differs significantly from previously known roles for SEMA3E in modulating the cytoskeleton during vascular and axon guidance (44) . Moreover, the functional importance of SEMA3E for neuron survival is fundamentally different from that of SEMA3A, which is mutated in other KS patients (7) , but causes the ectopic migration of GnRH neurons along mispatterned axons in the nose (5) . SEMA3E R619C mutation, the testes of adult male mice lacking SEMA3E or neuronal PLXND1 were smaller than those of WT littermates ( Figure 9F ). On the basis of these findings in genetic mouse models and combined with the identification of a SEMA3E mutation in 2 brothers with KS and our tissue culture studies with recombinant SEMA3E, we conclude that loss of SEMA3E, either through genetic deletion or mutation, contributes to the etiopathogenesis of inherited GnRH deficiency, including KS.
A heterozygous missense mutation in CHD7 accompanies the R619C mutation in SEMA3E in the KS brothers. While the mouse mutants we have examined here were bred to homozygosity to define a role for SEMA3E in GnRH neuron development, the R619C mutation in SEMA3E we identified in the 2 KS brothers was present in a heterozygous pattern. This finding agrees with the commonly observed oligogenic inheritance pattern of KS in the human population, which is exemplified by various combinations of previously identified hetero zygous mutations in the SEMA3A, FGFR1, NELF, KAL1, PROKR2, and PROK2 genes (7, (32) (33) (34) (35) (36) . We therefore examined the exome sequence of both KS brothers for mutations in all other previously identified KS genes, but found no such mutations except the same missense mutation in the gene encoding the chromodomain helicase DNA-binding protein 7 (CHD7) in both brothers ( Figure 10 , A and B). This nucleotide substitution replaced the codon for phenylalanine with a codon for cysteine (p.F1019C) and was not present in any other exome in the 1000 Genomes and ESP databases.
CHD7 is a chromatin remodeler that modulates gene transcription during the development of multiple organ systems (37, 38) , and CHD7 mutations are the main cause of CHARGE syndrome (coloboma, heart defect, choanal atresia, retardation of growth and/or development, genital hypoplasia, ear anomalies) (39) . However, while CHARGE patients commonly carry severe truncating mutations in CHD7, missense mutations in CHD7 are more prevalent in KS patients (40) . In agreement with these earlier observations, the CHD7 mutation we identified in the brothers with KS is a missense mutation that was predicted to be possibly damaging, deleterious, or disease causing by PolyPhen-2, SIFT, and MutationTaster bioinformatic tools, respectively (Table 1) . Thus, the F1019C mutation affects an amino acid residue that is highly conserved between mammals and lower vertebrate species ( Figure 10C ) and is positioned on the DEAD-like helicase domain (DEXDC) that is essential for ATP binding ( Figure 10D) .
In summary, the coexistence of the same heterozygous missense mutation in CHD7 mutations in the 2 brothers with a 2-year age difference suggests that both mutations were inherited from their fertile parents and is consistent with the idea that CHD7 functions cooperatively with SEMA3E in a genetic pathway essential for GnRH neuron development.
Genetic interaction of PLXND1 and CHD7 in the GnRH neuron system. Because the heterozygous loss of PLXND1 did not impair GnRH neuron development (see above), we were able to examine the genetic interaction of PLXND1 and CHD7. Thus, we mated Plxnd1 +/females with Chd7 +/males (41) and examined the innervation of the ME in single and compound heterozygous mice. We found that fewer GnRH-positive neuron fibers projected to the ME in the hypothalamus of their Chd7 +/male offspring compared with that seen in their WT littermates ( Figure 10E, top panels) , consistent with previous observations (42) . Importantly, the finding that jci.org Volume 125 Number 6 June 2015
neurons migrating in the nose (21) . Together, these observations suggest that GnRH neurons change their mechanism of survival signaling as they negotiate consecutive anatomical territories during their journey from the nasal placodes to the hypothalamus. A role for PLXND1 in cell survival has recently been demonstrated in breast cancer cells, in which it acts as a dependence receptor that promotes cell death in the absence of the SEMA3E ligand. A role for SEMA3E as a rescue ligand to overcome the default pathway of receptor-induced death is, however, unlikely for GnRH neurons. First, the number of GnRH neurons is similarly reduced in mice lacking the PLXND1 receptor or the SEMA3E ligand, arguing against a role for PLXND1 in inducing GnRH neuron death. Second, we found that SEMA3E promoted GnRH neuron survival in vitro in a PLXND1-dependent fashion via PI3K/AKT, a conventional survival pathway that inhibits proapoptotic mediators such as BAX and BAD in neurons (27) .
In conclusion, our study has uncovered a hitherto unknown role for SEMA3E as a neurotrophic factor that is essential for GnRH neuron development by signaling via PLXND1 to activate PI3K. Moreover, we have demonstrated that exome sequencing, combined with bioinformatics tools, tissue culture models, and the analysis of genetically modified mice, enables the identification and functional description of genes involved in GnRH neuron development and disease. We therefore anticipate that our study will prompt direct SEMA3E mutation screening in KS patients and lead to the increased application of exome sequencing for KS gene discovery as well as provide a starting point for mechanistic studies of GnRH neuron development and deficiency.
Methods
DNA sequencing and bioinformatics. Genomic DNA from 174 subjects (121 diagnosed with KS/HH, 53 unaffected) was prepared from white blood cells using a standard procedure and the exomes sequenced with an Illumina HiSeq 2000 platform using the Agilent V5 Exon Capture kit (Agilent Technologies). Exome sequencing alignment data for the 2 brothers affected by KS for SEMA3E, CHD7, and the known genes underlying KS/HH are available at the European Nucleotide Archive (ENA) (accession number PRJEB8931). The p.R619C mutation in SEMA3E and the p.F1019C mutation in CHD7 were confirmed by Sanger sequencing. To calculate evolutionary constraint against nucleotide substitution at position c.1855C>T in SEMA3E, we used the GERP++ analysis tool.
Mouse strains. To obtain embryos of defined gestational stages, mice were mated in the evening, and the morning of vaginal plug formation was counted as E0.5. We used mice carrying Plxnd1-null, Sema3e-null, or Chd7-null (gift of Peter Scambler, UCL) alleles and mice carrying floxed conditional Plxnd1-null or Kdr-null alleles with a Nes-Cre transgene (9, 11, 29, 30, 41) .
Immunostaining. Formaldehyde-fixed tissue sections and cells were incubated with PBS containing 10% normal goat serum and 0.1% Triton X-100 or, for primary goat antibodies, with serum-free protein block (DAKO). The following primary antibodies were used for immunostaining: rabbit anti-peripherin (1:500; catalog AB1530; Chemicon); rabbit anti-GnRH (1:400; catalog 20075; ImmunoStar); rabbit anti-activated caspase-3; goat anti-human/mouse SEMA3E; and goat anti-human/mouse PLXND1 and goat anti-mouse KDR (1:150; catalogs MAB835, AF3239, AF4160, and AF644, respectively;
The p.R619C mutation we identified resides in the Ig-like C2-type domain that is conserved in all class 3 semaphorins. The basic domain of semaphorins enables binding to neuropilins with high affinity, and the signature SEMA domain confers specificity for neuropilins, which act as plexin coreceptors (45, 46) . Instead, the Ig-like domain makes only a minor contribution to repulsive semaphorin activity in axon guidance (47) , and its precise function has not previously been defined. Interestingly, the p.R619C mutation resides near a cysteine that enables dimerization of the Ig domain in other class 3 semaphorins (48) . Computational modeling based on known crystal structures predicted that the novel cysteine residues are closely opposed in the mutant dimer and raises the possibility that an abnormal disulfide bridge might form and thereby impair structural flexibility. Together with the loss of a negative surface charge that may impact intra-or intermolecular interactions, this mutation was therefore predicted to compromise domain function. In agreement with this, functional assays demonstrated an essential role for SEMA3E in survival signaling via PI3 kinase activation that was impaired by the p.R619C mutation.
Notably, the SEMA3E prosurvival pathway we have identified is specific to GT1-7 cells, a model of developing GnRH neurons in the forebrain, but not GN11 cells, a model of GnRH neurons at an earlier stage of development, when they migrate in the nose. These observations agree with in vivo data on the role of VEGF/ NRP1 versus SEMA3E/PLXND1/KDR signaling in GnRH neuron development. Thus, immature GnRH neurons migrating in the embryonic nose express NRP1, and their pool is reduced in mice lacking NRP1 or NRP1-binding VEGF (21) , but is shown here to be unaffected in mice lacking SEMA3E or PLXND1. By contrast, we found that GnRH neurons upregulate PLXND1 after forebrain entry and during their migration toward the hypothalamus and that they depend on SEMA3E/PLXND1 survival signaling at this developmental stage. This exquisite spatiotemporal specificity in signaling pathways for neurotrophic support appears an ideal adaption for neurons that have to negotiate molecularly distinct territories when traveling from their birthplace to the site of synaptogenesis.
An intriguing question is why developing GnRH neurons in the forebrain respond to SEMA3E with survival signaling rather than modulation of the actin cytoskeleton, as observed in endothelial cells of some vascular beds (9) and in axons (12) . During axon guidance, cell type-specific responses to semaphorins are facilitated by coreceptor recruitment. Thus, PLXND1 signals axon attraction in neurons that coexpress NRP1, but repulsion in neurons lacking NRP1 (12) . Moreover, the presence of KDR is required for SEMA3C-induced PI3K activation downstream of PLXND1/ NRP1 signaling for axonal growth in subico-mammillary neurons (11) . On the basis of these observations, it appears likely that PLXND1 also recruits a coreceptor to activate PI3K in GnRH neurons and initiate the survival response. NRP1 is an unlikely cofactor for PLXND1 prosurvival signaling in GnRH neurons, because it is downregulated in these neurons after forebrain entry (A. Cariboni and C. Ruhrberg, unpublished observations). In contrast, VEGFR2 was expressed by GnRH neurons in the MPOA and was essential to maintain a normal number of these GnRH neurons in the brain, and, accordingly, the blockade of KDR signaling in GT1-7 cells compromised SEMA3E-mediated survival signaling. In contrast, KDR is not obviously expressed or required by GN11 cells or GnRH
